Introduction
[2] It is now known that all four Galilean satellites have tenuous atmospheres. On Io SO 2 is derived from volcanic emission [Pearl et al., 1979; Lellouch, 1996] , while O 2 on Europa [Hall et al., 1995] and atomic oxygen and hydrogen on Ganymede [Barth et al., 1997] are most likely the result of radiolysis of surface ice [Johnson, 1998] . Recently, a thin CO 2 atmosphere was discovered on Callisto [Carlson, 1999] using Near-Infrared Mapping Spectrometer data from the Galileo spacecraft. Specifically, CO 2 airglow in the n 3 band (4.3 mm) was seen in limb-scanning observations. The measured emission was modeled as an isothermal layer at a temperature of 150 ± 50 K, and a surface pressure of 7.5 Â 10 À9 mbar. The inferred scale height of the atmospheric CO 2 is 23 km and the surface number density is 4 Â 10 8 cm
À3
. The total column density of CO 2 is approximately 9.2 Â 10 14 cm
À2
. The stated uncertainties are 60% [Carlson, 1999] .
[3] During flybys of the Galileo spacecraft in 1999, an ionosphere on Callisto was detected only at the location where the trailing hemisphere was illuminated by the Sun [Gurnett et al., 2000; Kliore et al., 2002] . The electron density is determined by measuring the delay of radio signal between the Earth and the spacecraft, the technique of radio occultation. The inferred electron densities at 27.2 and 47.6 km are 15300 and 17400 cm À3 , respectively. The photoionization of CO 2 alone is insufficient to produce the observed electron density. By analogy with Europa, Kliore et al. [2002] proposed a primarily O 2 atmosphere, formed from the dissociation of H 2 O sputtered from the surface [Hall et al., 1995; Johnson et al., 1998 ]. The estimated surface neutral density is on the order of 10 10 cm À3 . However, species other than CO 2 have not been observed in the atmosphere; Strobel et al. [2002] reported upper limits of the abundances of O 2 and CO to be 10 17 cm À2 and atomic carbon and atomic oxygen to be 10 13 and 2.5 Â 10 13 cm À2 , respectively. The latter two upper limits set strict constraints for the modeling work in this paper.
[4] In this paper we examine a range of models for the atmosphere of Callisto that can reproduce the electron densities and satisfy the upper limits of the observations of O 2 , CO, O and C. The implications of the models are discussed.
Model Description
[5] A one-dimensional Caltech/Jet Propulsion Laboratory KINETICS model is applied to the atmosphere of Callisto (see, e.g., Gladstone et al. [1996] for details of the model). The model consists of 43 spherical layers along the radial direction from the surface to an altitude of 350 km. The bottom 5 layers are used to simulate enhanced chemistry for three-body reactions on the surface. The temperature profile is assumed to be isothermal at 150 K, and the surface pressure of CO 2 is fixed at 7.5 Â 10 À9 mbar [Carlson, 1999] . For this tenuous CO 2 atmosphere, the calculated electron density from CO 2 photoionization is an order of magnitude less than the measured density and peaks on the surface. Therefore a neutral atmosphere denser than CO 2 must be introduced. We believe that O 2 atmosphere is the most probable, and will examine this assumption in later sections. Such an atmosphere has been proposed by Kliore et al. [2002] .
[6] In order to match the observed electron density, the inferred surface density of O 2 is on the order of 10 10 cm À3 , which is $20 times denser than that of CO 2 . So we adopt surface densities of $7 Â 10 9 and 4 Â 10 8 cm À3 for O 2 and CO 2 , respectively. The surface H 2 O vapor pressure is taken to be $4 Â 10 À8 mbar (2 Â 10 9 cm
À3
). For the other lower boundary conditions, we set the transport flux to be zero and let the three-body reactions to be more efficient on the surface. We adopt a rate coefficient of 10 À20 cm 6 s À1 for three-body reactions on the surface (or an effective twobody rate coefficient of 10 À10 cm 3 s
À1
), the number chosen to reach the kinetic limit of chemical reactions. This assumption of enhanced reactions on the surface may be reasonable if the surface/regolith is porous and can adsorb particles. Actually, only H + O 2 + M ! HO 2 + M will be significantly modified. We take this as our reference model, which fulfills the observational constraints to a fair accuracy. The results of relaxing the surface effect will be presented in later sections. For the upper boundary conditions, we assume the boundary is not permeable for species other than H, H 2 , and O. The H and H 2 , the lightest two neutral species, are allowed to escape with Jeans escape velocities: At 150 K they are $10 4 and $10 3 cm s À1 , respectively. The escape of O atoms is mainly by sputtering of energetic ions in the Jovian magnetosphere. So the H escape will be limited by the escape of O atoms. Since the atmosphere is tenuous, we believe the diffusion is dominated by molecular diffusion. Near surface the molecular diffusion coefficient for H is on the order of 10 9 cm 2 s À1 . Hence we omit eddy diffusion in the model.
[7] Table 1 lists the major chemical reactions in the model (minor reactions are not shown in the table). Because of a high electron density, the lifetimes of ions are $400 s. The ions will quickly react with electrons before they diffuse away. So we assume a quasi-neutral atmosphere in our model, i.e., in each layer the electron density equals the ionic density. The electrodynamic interaction between the Callisto's ionosphere and the Jovian plasma is suggested to be minor (see Strobel et al. [2002] for a detailed discussion). This is also consistent with the results that there is no excess of electron density in the downstream as compared to the upstream of the plasma around Callisto [Gurnett et al., 2000] .
[8] The solar flux values are taken from Mount and Rottman [1983] , Torr and Torr [1985] , and World Meteorological Organization [1985] , and then scaled appropri- ately for the mean distance between the Sun and Callisto (5.2 AU). The Callisto's ionosphere was detected in 1999, when the solar cycle was close to the solar maximum (the solar cycle reached its maximum in 2000). So the solar maximum flux is adopted to be our reference solar flux. The solar zenith angle is fixed at 80°, which is the mean angle of the observation of the ionosphere. The model results with solar mean and minimum fluxes are also shown.
General Results

Electron Density and Hydrogen Abundance
[9] The profiles of major constituents in our calculation are plotted in Figures 1 and 2 . Figure 3 shows the total photoabsorption rates for O 2 , H 2 O, CO 2 , and CO. The branching ratios of photoionization are about $10% that of the total (see, e.g., Table 1 ). Since we have assumed a quasi-neutral atmosphere, the major ion is O 2 + (Figure 4 ). There are two sources of O 2 + : the photoionization product of the most abundant molecule, O 2 , in the model and the charge exchange between H 2 O + and O 2 . In order to better match the observed electron density profile, the required O 2 density is on the order of 10 9 cm À3 at 50 km above the surface. This corresponds to an O 2 column density of 2 Â 10 16 cm
À2
. Figure 4 shows the profiles of total electron density (dark solid line), O 2 + (dashed line), H 2 O + (dotted line), CO 2 + (dash-dotted line), and O + (long-dashed line) during the solar flux maximum. We see that the modeled electron density agrees with the observation to within a factor of 2. Our model results support the assumption of an O 2 atmosphere on Callisto [Kliore et al., 2002] .
[10] The O 2 + is lost locally by recombination with electrons, the lifetimes being $400 s, while its parent molecule O 2 has timescale of $10 7 s against photoionization. As a result, the ions are $10 À4 as abundant as their parents. Since the UV flux is limited and the atmosphere is not optically thin at UV wavelengths, the observed electron density profile gives a strong constraint on the composition of the atmosphere on Callisto. As proposed by Kliore et al. [2002] , H 2 O, O, H 2 , OH, and H all have ionization cross sections similar to O 2 , and hence they are other possibilities for atmospheric constituents. Because of the low gravity (H and H 2 can escape readily), low temperature (H 2 O vapor abundance is very sensitive to the temperature), and observationally constrained low O abundance [Strobel et al., 2002] , the assumption of an O 2 atmosphere on Callisto is the most plausible, which was also the proposed solution for the atmospheres of Ganymede and Europa [see, e.g., Hall et al., 1998, and references therein] .
[11] If the surface is not porous and not able to adsorb particles, the chemical reactions will not be enhanced. In this case, the electron profile is in better agreement with the measurements (see light solid line in Figure 4) . The peak electron density is sensitive to solar zenith angle. Increasing the angle from 79 to 82°will move the peak upward by $20 km; this brings the model into better agreement with the measurements [Kliore et al., 2002] . The required surface densities of O 2 and H 2 O are 3.2 Â 10 10 cm À3 and 4.8 Â 10 9 cm
À3
, respectively. The values are 4 times greater than those of the reference model. The reason for this is that HO 2 is now formed inefficiently on the surface and subsequent chemistry resulting in the recycling of O 2 and H 2 O is negligible (last 3 reactions in Table 1 ). Consequently, O 2 and H 2 O will be present in lower abundances in the upper atmosphere.
[12] Though the model without enhanced surface reactions can better match the electron profiles, it is unlikely, as we will discuss later. In the upper atmosphere, the ultimate The electron density is determined by the reactions between H and H 2 photoionizations and the recombination of H 2 + plus e À , and it is estimated to be $150 cm À3 at $400 km above the surface, which is a factor of $4 less than the observed value of $400 cm À3 at an altitude of 535 km [Gurnett et al., 2000] . The value is calculated by assuming a photoionization coefficient of 5 Â 10 À9 s
À1
, density of 10 5 cm À3 , and recombination rate coefficient of 2 Â 10 À8 cm 3 s À1 [Le Teuff et al., 2000] . The discrepancy can be explained by the fact that the density scale height in the upper atmosphere is significantly greater than that in the lower atmosphere, because H and H 2 are the major species in the upper atmosphere. In our present model, we assume the density scale height is constant at $30 km throughout the whole atmosphere.
[13] The H atoms can be lost only by the enhanced threebody reactions on the surface and by Jeans escape, because H is unreactive in the atmosphere. Therefore the H (and H 2 ) abundance will be high (see Table 2 and Figure 2) . The abundances of H and H 2 will be extremely sensitive to the properties of the surface of Callisto. So by observing the H profile, we will be able to quantify communication processes between the surface and the atmosphere. The existence of enhanced surface reactions can also be tested by observing the abundance of O 3 . In the reference model, the abundance of O 3 is $5 Â 10 12 cm À2 , while it is negligible without the enhanced surface reactions.
Carbon Dioxide and Carbon Monoxide
[14] The profiles of density and photoabsorption rates of CO 2 and CO are shown in Figures 1 and 3 , respectively. CO 2 is destroyed mainly by photodissociation, and can be recycled either by the reaction of CO with OH or by the three-body reaction of O and CO under the assumption of enhanced chemical reaction rates on the surface. CO is primarily formed by the CO 2 photodissociation. In vacuum, it is shown in Table 2 that CO has a lifetime, against UV, a The column-integrated density in units of cm
À2
. H and H 2 are allowed to escape. The observed upper limits of column density for C, O, and CO [Strobel et al., 2002] . , 300, and 20 s. The calculated abundance of CO is shown in Table 2 .
Atomic Carbon and Atomic Oxygen
[15] The reported upper limits of the abundances of C and O strongly constrain the composition in the atmosphere of Callisto. Because of the high O 2 concentration, the C atoms have a lifetime of $100 s. The calculated C atom column density is about 10 8 cm À2 (see Table 2 ). The abundance of O atoms depends on the H 2 O vapor pressure in the atmosphere. The calculated profile of O using the reference model is shown in Figure 1 . In the absence of H 2 O in the atmosphere, the calculated O column density is about 10 15 cm À2 , which is 2 orders of magnitude higher than the observed upper limit. By introducing an eddy diffusion of 10 10 cm 2 s
À1
, the calculated O column density is about 3 Â 10 13 cm À2 . This high eddy diffusion coefficient will move the atomic O downward and by the enhanced chemical processes on the surface O 2 can be recycled. While the abundance is still higher than the observed upper limit. Though eddy diffusion can reduce the O abundance, we argue that this assumption is not appropriate for two reasons. First, the electron density will be nearly constant below 100 km, while Kliore et al. [2002] observed an electron profile that increases sharply from the surface to 20-50 km. Second, the eddy velocity required is about 10% of the speed of the sound, a value that is unrealistic near the surface.
[16] By the analogy with the atmospheres of Mars and Ganymede, we introduce HO x chemistry for removing O [McElroy and Donahue, 1972; Yung and McElroy, 1977] . With the assumption of H 2 O surface abundance equal to 4 Â 10 À8 mbar the model O abundance drops by 2 orders of magnitude to nearly the observed upper limit. This value of H 2 O is close to the saturation vapor pressure at 150 K [Yung and McElroy, 1977] . When we increase the abundance of H 2 O, the O abundance is not seriously affected. The reason is that H 2 O will become the major UV absorber. The results shown in Table 2 reflect this dependence. When H 2 O to O 2 abundance 0.5, a factor of 2 decrease in H 2 O will result in an order of magnitude increase in O abundance. While the relation is saturated for H 2 O to O 2 ratio >0.5. We list the model C and O column densities as well as the observed upper limits in Table 2 . It is shown that in all cases the calculated O abundance is not far from the observed upper limit.
Discussion
[17] For the tenuous atmosphere of Callisto, the heat conduction time is about 100 s, which is significantly less than the 17-day rotational period of Callisto. Along with a low visual albedo of 0.2 on Callisto, the surface and the atmosphere near the surface at the day side would be, on average, about 150 K, consistent with an insignificance of condensed O 2 on the surface of Callisto [Spencer and Calvin, 2002] . This confirms that the H 2 O vapor pressure of 4 Â 10 À8 mbar adopted by the model is reasonable.
[18] Galileo high-resolution imaging of Callisto [Moore et al., 1999] reveals that the satellite's cratered surface is dominated by smooth, dark material which appears to mantle and subdue the satellite's topography (see, e.g., Figure 5 ). Landslide deposits within some craters attest to the mobility of the dark material and its tendency to slough downhill off of topographic highs. High-standing crater rims, central peaks, and relatively steep interior crater walls are relatively bright. These bright areas are probably where water-ice is cold trapped, as seen by Spencer and Calvin [2002] . Callisto's craters commonly show gullied, crenulate walls, and rims which are knobby and discontinuous. Irregularly shaped pits $1 km in size are observed in some regions ( Figure 5 ), and these suggest undermining and collapse of near-surface material, as through loss of a volatile substrate.
[19] Therefore the dark areas are the likely regions that provide the required H 2 O vapor pressure, and the bright regions are a probable H 2 O source. Diffusion from cold to warm regions can deliver the required H 2 O. In order to study the process quantitatively, we follow the approach of Figure 5 . Callisto's surface shows abundant evidence for mass wasting of a dark mantling material. Pits (at A) suggest ground collapse due to loss of subsurface volatiles. A 4 km wide landslide deposit (at B) attests to the mobility of the dark material. Bright crater walls and local topographic highs are probably exposures of water frost cold trapped on relatively bright ''bedice'' which is believed to underlie the dark mantle. (Galileo Solid State Imager observation C9CSCRATER01, image s0401505526; resolution 160 m/pixel.)
Moore et al. [1996] and applied Fick's law to model the water diffusive flux F:
Here x is the distance from the source, n(T ) the number density of H 2 O vapor at temperature T, the porosity, and t the tortuosity. The diffusion coefficient D is (Knudsen diffusion, i.e., dominated by gas-pore wall collisions)
where r 0 is the pore size, m the molecular mass of the diffusion component, and k the Boltzmann constant. Typically r 0 % 6 Â 10 À4 cm, % 0.5, and t % 5 [see, e.g., Weiss et al., 2000] . If we can assume a constant temperature gradient (@T/@x), equation (1) can be rewritten:
The saturation vapor density is given by n(T) = (kT) , where T is in the unit of K [Lebofsky, 1975] . Figure 6 shows [Johnson and Leblanc, 2001] . Over geological time, $20 m of ice may be lost. This is an upper limit. Strobel et al. [2002] have argued that the interaction between the ionosphere of Callisto and the Jovian plasma is very limited.
[21] For the maximum sputtering flux, the H escape flux cannot be more than 10 9 cm À2 s
À1
. This implies that the temperature at the top of the atmosphere is <100 K. At Callisto, the maximum H 2 O photolysis rate is 10 10 cm À2 s
. In our reference model, a significant amount of H 2 O can be recycled because of enhanced recombination rates on the surface. If the surface is not porous and cannot efficiently adsorb particles, the O and H produced by H 2 O photolysis must be removed from the atmosphere. Otherwise, the accumulation rate of O 2 will be large. This corresponds to an escape flux of atoms about 10 10 cm À2 s
, which is >2 orders of magnitude greater than that by sputtering. We propose that this hypothesis can be tested by detecting the 
Summary
[22] We have modeled the photochemistry of an O 2 -rich atmosphere of Callisto and have successfully reproduced the observed electron profile [Kliore et al., 2002] . Because of the observational constraint on the O atom abundance [Strobel et al., 2002] , we propose that H 2 O vapor needs to be present in the atmosphere. The OH radicals, from H 2 O photolysis, will remove the O atoms, produced by O 2 photolysis. The inferred H 2 O surface density is $2 Â 10 9 cm À3 (4 Â 10 À8 mbar). The calculated O column density is $10 13 cm
À2
; so it should be detectable with the current instrumentation.
